stitium. Addition ofthe diuretic amiloride to the lumen blocks Na entry through the apical membrane channels, thereby inhibiting absorption and reducing the transepithelial electrical potential toward zero.
K transport across the colonic epithelium includes active absorptive and active secretory pathways such that either net K absorption or net K secretion is possible, depending on the balance between the two active transport processes (6) (7) (8) . Active, electrogenic K secretion is stimulated in rabbit and guinea pig distal colons by epinephrine (8, 9) . The mechanism of this secretion involves active uptake across the basolateral membrane via the Na/K pump and subsequent exit into the lumen via an apical membrane K conductance. Na entry across the basolateral membrane via a loop-diuretic-sensitive cotransport allows the Na/K pump to continue extrusion of Na and uptake of K. Addition of loop-diuretics inhibits K secretion and results in a large net K absorption because active K absorption continues. A common feature of Na absorption and K secretion is the dependence on the basolateral membrane Na/K pump. Na absorption, however, occurs through Na influx across the apical membrane, whereas K secretion relies on Na entry across the basolateral membrane.
The mineralocorticoid aldosterone stimulates Na absorption across colonic epithelia (4, 10) as observed in distal renal epithelia (11) . Stimulation of K secretion across colon also is observed together with increased Na absorption when plasma aldosterone is elevated (1, 12) . High levels of plasma aldosterone were obtained in these studies of colonic transport by chronic changes in salt intake or by in vivo infusion of aldosterone. The stimulation of K secretion, therefore, may have resulted from the in vivo actions of other hormones affected by chronic changes in salt and water balance (1) . To minimize the influence of secondary factors, the studies reported here were conducted with in vitro addition of aldosterone. The results demonstrate that aldosterone directly stimulates K secretion across a mammalian colon and that the secretion continues after inhibition of Na absorption.
METHODS
Distal colon was obtained from male guinea pigs (Cavia porcellus) (300-600 g) after decapitation. All studies were performed by using standard Ussing-type chambers in which mucosal sheets of tissue were mounted after the muscularis externa had been removed by blunt dissection. The chamber aperture gave an exposed surface area of 0.64 cm2. Bathing solutions were circulated by gas lift through water-jacketed reservoirs that were maintained at 37°C. Physiological Sciences: Rechkemmer and Haim Unidirectional tracer fluxes were measured by a sampleand-replace procedure as described (8) . The length of time between successive samples was 10 min. The isotopes 42K and 36CI were obtained from New England Nuclear and ICN, respectively. A correction for the decay of 42K during the time of counting was performed before calculation of unidirectional fluxes.
Drugs were added in small volumes from concentrated stock solutions. Amiloride was provided by Merck Sharp & Dohme, and bumetanide was provided by Hoffmann-La Roche. All other chemicals were obtained from Sigma or Aldrich.
RESULTS
The distal colon of the guinea pig absorbs Na via an electrogenic, amiloride-sensitive mechanism (5) . The size of the amiloride-sensitive Is,, therefore, can be used as a measure of Na absorption rate. Indomethacin (1 ,uM) was added to both bathing solutions to suppress the variable rate of spontaneous Cl secretion that also can contribute to the size of the Is, (8, 9) . Fig. 1 shows the time course of the increase in Isc after addition of aldosterone (1 ,uM) to the bath.A This increase in Isc was paralleled by an increase in net Na absorption measured isotopically (data not shown) similar to that observed when guinea pigs were fed a low Na diet (5) . Mucosal addition of Ba2+ (5 mM), a blocker of K conductance (8, 13) , reduced this negative Isc toward zero. Control tissues had a stable Isc, over a 5-to 6-hr period, which decreased to near zero with mucosal amiloride and increased slightly with Ba. The large amiloride-sensitive ISC indicates that aldosterone stimulated electrogenic Na absorption, whereas the large Ba2+-sensitive negative Isc present in treated tissues suggests that aldosterone also stimulated electrogenic K secretion.
Measurement of unidirectional K fluxes (Table 1) indicated that net K absorption occurred across the distal colon in the control condition, as reported previously (9) . After 6 hr of aldosterone treatment, net K absorption decreased by a factor of 3, whereas ISC increased. The decrease in net absorption was composed of a proportionally equal decrease in the JK and increase in the JK . A decrease in active absorption or an increase in active secretion could account for this change in net K flux. In paired tissues serving as time controls, the K fluxes were unchanged after 6 hr, whereas the increase in ISC was only 15% of that observed in the tissues receiving aldosterone. Addition of amiloride (0.1 mM) to the mucosal solution rapidly inhibited Na absorption, as indicated by the decrease in ISC (see Fig. 1 ), without a large change in K transport (Fig. 2) . The small increase in JK and decrease in Jms that occurred after amiloride addition may have resulted from continued action of aldosterone on K transport. In the presence of amiloride, 6.5 hr after aldosterone addition, net K transport was not significantly different from zero, with JK 3-fold higher than initial values, and ISC was negative (Table 1) . In control tissues, amilorideinsensitive ISC was not significantly different from zero and J1 was small. The Ba2+ sensitivity of the aldosteronestimulated negative ISC together with the high JA are consistent with electrogenic K secretion that persists after inhibition of electrogenic Na absorption.
The loop-diuretic bumetanide, which inhibits K secretion in distal colon from guinea pig (9) and rabbit (8) , inhibited the amiloride-insensitive negative IsC and restored net K absorption to control levels ( Table 1 ). The increase in JKt was identical to the increase in Is,, further supporting the notion that K secretion was responsible for producing the negative 'sc. Net K absorption after bumetanide addition is similar in control and treated tissues, suggesting that aldosterone did not alter net K transport by inhibiting active K absorption but rather acted by stimulating active secretion. § Bumetanide (0.1 mM) added to the serosal solution during ongoing electrogenic Na absorption (in the absence of amiloride) decreased JK and increased JK , producing a large net K absorption (Table 2 ). An increase in Isc also occurred, consistent with inhibition of electrogenic K secretion. This action of bumetanide on K fluxes and ISC (Table 2 ) is identical to that observed when Na absorption was inhibited by amiloride ( Table 1 ), suggesting that inhibiting Na entry across the basolateral membrane via a bumetanide-sensitive cotransporter is sufficient to inhibit active K secretion. In addition, the amiloride-sensitive ISc was identical in the presence and absence of bumetanide, supporting the notion that Na absorption is unaltered by inhibition of electrogenic K secretion.
Sensitivity to loop-diuretics is a characteristic of the epinephrine-stimulated K secretory process observed in guinea pig (9) and rabbit distal colons (8) . Stimulation of K secretion by epinephrine is similar to that induced by aldosterone (Table 1) , with a decrease in net K absorption due to an increase in JK and a decrease in JKs. As in rabbit distal colon (8) (17) and cells in the lamina propria, such as neurons and lymphocytes (18) (19) (20) . The inability of adrenergic blockers to inhibit the aldosterone response strongly suggests that aldosterone did not act on a second cell type to release epinephrine and thereby indirectly stimulate K secretion via an adrenergic pathway (8, 9) . The results in Table 1 , therefore, demonstrate that the changes in K transport, apparent within 6 hr of aldosterone addition, are consistent with a direct action of the mineralocorticoid on the vM colonic epithelium.
The model for electrogenic Na absorption is shown in the upper portion of Fig. 3 . K secretion stimulated by aldosterone and epinephrine involves the transport processes shown 450 in the lower portion of Fig. 3 (8, 21) . In this pathway, K is actively taken into the cells by the basolateral Na/K pump and exits through an apical membrane K conductance. Na nal K entry via the basolateral cotransporter allows for continued ne 1).
turnover of the Na/K pump and results in cycling of Na Proc. NatL Acad. Sci. USA 86 (1989) Experiments (n = 5) were conducted as described in the legend to Table 1 . Paired results were obtained from tissues with amiloride addition preceding bumetanide addition; the values after aldosterone from these two groups were not significantly different (P < 0.05).
*Values of Jnet, Is,, and A significantly different from zero (P s 0.05). tChanges induced by bumetanide were compared to the paired tissues with amiloride present; significant differences (P s 0.05) are indicated.
tChanges induced by amiloride were compared to the paired tissues with bumetanide absent; significant differences (P < 0.05) are indicated.
across the basolateral membrane. The amiloride-insensitive negative Ik, results from conductive K exit across the apical membrane and possibly conductive Cl exit across the basolateral membrane (8) . The illustration of Na absorption and K secretion in separate cell types is made only to stress the functional independence of these two transport pathwaysthat is, inhibition of Na absorption with amiloride did not reduce K secretion (Table 1) , and inhibition of K secretion with bumetanide did not alter Na absorption ( Table 2) . Insensitivity of K secretion to inhibition by amiloride also has been reported in studies with chronic changes in aldosterone (1, 7) . The presence of all of the illustrated transport processes in a single cell type is possible but would require a regulatory mechanism to produce the observed functional separation.
The presence of two active transport pathways for K complicates the study of regulation, because both are possible targets of hormones such as aldosterone. In the guinea pig distal colon, the active absorptive process dominates under basal in vitro conditions producing net absorption. The reduction of net K absorption induced by aldosterone could have resulted from stimulating the active K secretory pathway or inhibiting the active K absorptive pathway. Three findings support the notion that only active K secretion was equally by bumetanide ( Table 1 ), suggesting that the negative Isc was a result of electrogenic K secretion. (iii) JKt after inhibition of the negative ISc was not significantly different in control and aldosterone-treated tissues, suggesting that the active absorptive capacity for K was unchanged by aldosterone addition. Previous studies of K transport from chronically treated animals also indicated that active K absorption was not altered by elevated plasma aldosterone (15, 16) . These three results support the model for K transport shown in Fig. 3 and indicate that at least one transport element involved in secretion was activated by aldosterone-in the apical membrane possibly the K conductance or in the basolateral membrane either the Na/K/2Cl cotransport or the Na/K pump.
Aldosterone stimulation of the guinea pig colon involves increased Na absorption and K secretion, and a single site of action possibly could account for both of these changes. The mode of action for aldosterone has been studied extensively in renal epithelia (11) . Initially, aldosterone stimulates Na absorption by opening Na channels in the apical membrane (see Fig. 3 ) so that Na entry into epithelial cells increases. Later in the response, the number of basolateral membrane Na/K pumps increases (22) . In the distal nephron, stimulation of Na absorption is accompanied by K secretion (23) . Coupling between K secretion and Na absorption is indicated by the dependence of K secretion on the rate of Na absorption (24, 25) ; amiloride inhibits Na absorption and K secretion solely by blocking apical membrane Na conductance (26) . Amiloride-sensitive K secretion also was observed in turtle colon (27) . Coupling between Na absorption and K secretion presumably occurs via the basolateral membrane Na/K exchange pump in these epithelial cells. Reduction of apical membrane Na entry with amiloride blockade would restrict turnover of the pump and limit uptake of K into the cell. K secretion in guinea pig distal colon, however, is strictly dependent on the activity of a loop-diuretic-sensitive uptake process in the basolateral membrane. Inhibition of this cotransport with bumetanide eliminates active K secretion during ongoing Na absorption or after inhibition of this absorption with amiloride. Sensitivity to bumetanide presumably results from restricting the supply of cellular Na available for turnover of the basolateral Na/K pump, the driving force for K secretion. The rate of K secretion appears to be sensitive only to decreases in cell Na resulting from reduced Na entry across the basolateral membrane. In addition, bumetanide did not alter the rate of amiloride-sensitive Na absorption, suggesting further that the K secretory process and the Na absorptive pathway are functionally independent. This independence could be accounted for by a segregation of the Na absorptive pathway and the K secretory pathway to separate cell types or by a single cell type with a set of regulatory constraints that define K secretion solely by the Physiological Sciences: Rechkemmer and Halm rate of Na entry via the basolateral cotransporter. Thus, the activation of apical membrane Na channels by aldosterone would not account for the increase in K secretion, but an increased number of basolateral membrane Na/K pumps as in toad bladder (22) could increase K secretion if basolateral Na entry also increased. An additional site of action for aldosterone remains a possibility for the stimulation of K secretion.
The apparent transport mechanism for aldosteronestimulated and epinephrine-stimulated K secretion is identical, as noted above (see Fig. 3 ). This similarity suggests that aldosterone and epinephrine act on the same transport pathway in the colonic epithelium. Further support for this notion is obtained from the similar rate of K secretion after epinephrine stimulation in control and aldosterone-treated tissues. This identical limiting value is consistent with an intrinsic maximal rate for the transport pathway producing K secretion. The site of activation may be similar for the two agonists because aldosterone did not augment the epinephrine-stimulated K secretion; however, the site of action for aldosterone and epinephrine stimulation cannot be determined from the present experiments. The implications for salt balance of aldosterone acting on a K transport pathway functionally separate from the Na absorption pathway are not immediately apparent, but the potential for independent modulation of Na absorption and K secretion is clear.
